Résumé. 2014 Des résultats de diffusion incohérente quasi-élastique de neutrons (NQES), de Abstract. 2014 Incoherent neutron quasi-elastic scattering (NQES), 14N nuclear quadrupole resonance (NQR) and deuterium nuclear magnetic resonance (DMR) data in the smectic VI, smectic H, smectic C, smectic A and nematic phases of terephtal-bis-butyl-aniline (TBBA) are analysed consistently in terms of simple rotational models allowing both orientational order around the long molecular axis and fluctuations of this axis. It is found that : (i) In the SmVI phase, the molecules rotate around their long axis in a two fold periodic potential. The corresponding bipolar order parameter varies from ~ 1 to ~ 0.8 near the VI-H transition.
1. Introduction. --In the field of liquid crystals, the knowledge of the molecular order is of prime importance to test the various microscopic theories which have been developed to describe these systems. Among the several methods which can be used for such a purpose, high resolution incoherent neutron quasi-elastic scattering (NQES) and nuclear magnetic resonance (NMR) of well chosen nuclei are very powerful since they are practically sensitive to monomolecular properties only. However, the interpretation of the data obtained by one of these methods alone may be not unique, and this has lead to controversies between different authors in the recent past. The most famous controversy concerns the existence or the absence (and in the former case, the nature) in the tilted smectic phases, of some orientational order of the molecules around their long axis, in connection with the Meyer-McMillan [1] (smectic C and H) and Meyer [2] (smectic H and VI) mean field theories of these phases. The main reason for this situation is that the various methods are probing different aspects of the molecular motion, and also because the actual physical situation is probably more complex than that described by the simple models used. It turns out that a significant amount of experimental data obtained by various methods is now available and it is thus time to look for descriptions which are consistent with all these data.
The purpose of this paper is to analyse quantitatively in a consistent manner most of the existing NQES [3] [4] [5] , 14N nuclear quadrupolar resonance [7] [8] (NQR) and deuterium magnetic resonance [9] [10] (DMR) data in the smectic VI, smectic H, smectic C, smectic A and nematic phases of terephtal-bis-butylaniline (TBBA). We shall restrict ourselves here to the data concerning the body of the molecules, leaving to a further paper those concerning the chains. In the next section, we recall briefly which quantities , are measured in the three kinds of experiments men- tioned and how they are linked to the molecular order and dynamics. Then, we summarize the present state of the problem concerning the various phases of TBBA. In the main part of the paper, we analyse quantitatively the existing NQES data [3] [4] [5] and 14N NQR data [7] [8] in terms of rather simple models allowing both orientational order around the long axis and orientational order of this axis and deduce the relevant order parameters. This analysis is then checked using DMR data [9] [10] . These DMR data are also used to extract important additional information.
2. The principles of NQES, NQR and NMR -theoretical background. -2.1 NQES [13, [3] [4] [5] . - In a NQES experiment, the molecular motion is detected through the motion of the protons. If which has been used in NQES [3] [4] [5] and some DMR [10] experiments, drawn in its trans-conformation. The experimental data we shall discuss here are (i) NQES on the sample shown in figure 1 ; (ii) pure NQR of 14N of the azomethine group [7, 8] ; (iii) DMR of the deuteron of the azomethine group [9] ; (iv) DMR of deuterons on the central ring [9] ; (v) DMR of deuterons on the external rings [10] . Since all the nuclei involved belong to the body, these data reflect, in different ways, the orientational order of the body. The present situation concerning this order is the following : (i) in the smectic VI phase, 14N NQR [7, 8] now agrees with NQES [5] [9, 10] and NQES [4, 5] suggest nearly uniform rotation around the long axis and small fluctuation of the axis, while the NQR [8] data have been interpreted in terms of weak but significant bipolar ordering around the long axis, and no fluctuation of the axis. This situation thus appears to be controversial [6] ; (iii) in the C phase, all results agree with nearly uniform rotation around the long axis and fluctuation of this axis. However NQR [7, 8] suggests that these fluctuations are anisotropic (i.e. no uniaxial symmetry) and that some very weak bipolar ordering around the long axis still exists ; (iv) in the 'smectic A and nematic phases, the rotation around the long axis seems to be uniform and the axis fluctuations have the uniaxial symmetry. Finally, it should be noted that DMR [9, 10] suggests that in all these phases, except may be in the VI phase, the three phenyl rings reorient around their para axis with a correlation time shorter than 10-6 s.
So far, only the NQES data have been analysed quantitatively in the simplest cases namely the VI [5] and A [4] phases where values of the relevant order parameters are deduced. For the 14N NQR data [7, 8] , only a semi-quantitative analysis has been presented. Rough estimates of the bipolar order parameter around the long axis are given for the VI, H and C phases and no order parameters which describe the axis ordering are given. Finally, for the DMR data [9, 10] , the analysis is also semi-quantitative, and no order parameters are given.
In the following, we analyse the 14N NQR data quantitatively in terms of the simple models that we suggested in previous papers [3, 5] [7, 8] . This is clearly not sufficient. However, from symmetry considerations, one can guess where the principal axes of this tensor are. In particular, the main principal axis is expected to be roughly in the N = C-H plane, and make an angle of about 600 with the long axis [7, 8] . However, it turns out that the exact value of this angle is very critical to test models -cf the discussion in reference [6] . Moreover [7] and [8] ;
t : values extracted from the analysis of NQES data (from Ref. [5] [5] . This description is in complete agreement (i) with the structure deduced from X ray studies [11, 12] , and (ii) with the evolution of the DMR spectra when the sample is rotated in the magnetic field [10] [3] . In this model, we assume that [3] :.
(i) Thus, using the values of 00 deduced from optical [15] or neutron [16, 17] Fig. 2a) . On the contrary, it is seen from figure 2b that it may strongly affect the value of 11. To approach the problem, we have first attempted to fit the model with cos 2 o &#x3E; = 0, to the data in the H and C phases. We found that different combinations of y', Om and ô' can explain the observed values of 00 and c, but not the value of 11 which is found to be systematically smaller than the experimental result. This merely means that in both phases cos 2 qJ ) =f. 0. The problem is thus to find which combination of y', (JM, J' is the true one. For this we assume that ô' cannot change very much in the C phase and its value should be about 11.5. To prove this we consider the NQR data at 174 OC in the SmA phase near the smC phase, and at 146 OC in the SmC phase near the SmH phase.
In the A phase, we have 0M = 0, y' = 0 and we can unambiguously determine the value of b' from the value of c. With c = 884 kHz at 174 °C, we find à' = 11.2. In the C phase at 146 °C we observe that the experimental value of 11 is very small N 0.02. This value ouf 11 is caused by both the bipolar ordering around the long axis and the anisotropic fluctuations of this axis. Since both contributions add, this implies that the set y', Om, b', which predicts the observed values of (Jo and c, should be such that the corresponding il is very small. This occurs for y' z 3.9, Om 1 0.4°a nd ' N 11.5 which predict n = 0.008 for Finally, since c is continuous through the C-H transition, ô' should also be z 11.5 in the H phase near the SmC transition. The procedure we have adopted to analyse the NQR data in the H phase near the C transition and in the C phase is thus the following : we fix ô' = 11.5, assume cos [22] .
In conclusion, in the smectic H phase of TBBA, the molecules do not rotate completely uniformly around their long axis [7, 8] , the corresponding bipolar order parameter cos 2 ç ) varying from 0.06 near the SmC phase [8] to ~ 0.15 near the SmVI phase (cf. Fig. 3) . However, the long axes fluctuate about their equilibrium positions. The amplitude of these fluctuations is very small near the SmVI phase, but are about 220 near the SmC phase [6] . In our opinion, these results resolve the controversy concerning this phase, namely that (i) the [15] and the values of c and il that we deduced from the NQR spectra presented in figures 1 and 2 of reference [7] . The results are summarized in figures 4a-4c. Figure 4a shows the variation found for Om, together with the corresponding variation of 00 extracted from reference [15] . It is seen that Om i.e. the maximum of the polar distribution, is always significantly smaller than the tilt angle 60, even when 00 is large (e.g. at 146 °C, 0o ~ 250 but Om is only z 10°). However their variations with temperature are very similar. Figure 4b shows the variation of S which reflects the polar fluctuations. Its variation is very small and is mainly due to the variation of 0M since ô' is practically constant. Finally, figure 4c shows the variation of cos l/J) which reflects the azimuthal fluctuations. Again, its variation is very similar to that of 6o and Om.
In figures 5a and 5b, we have represented the experimental values of c and fi. In figure 5b, Fig. 2 of reference [7] ).
In conclusion, in the smectic C phase of TBBA, the molecules rotate nearly uniformly around their long axis, the bipolar order parameter around this axis being not larger than 0.005. In addition, the long axes fluctuate about their equilibrium positions. As the temperature is increased, the angle Om where the polar distribution is peaked, decreases to zero and its variation roughly follows that of the tilt angle. However, the amplitude of the fluctuations around 0M are practically constant and of the order of 220.
On the contrary, the azimuthal fluctuations increase and the azimuthal motion become uniform at the C-A transition. This description is in agreement with the usual textbook picture of this phase where the molecules are allowed to become progressively perpendicular to the smectic planes as the C-A transition is approached. It also clearly shows that the MeyerMcMillan theory [1] is inadequate to describe the SmC phase of TBBA. Finally, it is Çrth noting that the fluctuations of the long molecular axis appear to be much less uniaxial in the C phase than in the H phase. practice is ô' to be determined by the value of the coupling constant c. In fact, in this particular case, combining eqs. (6) and (5), we find that in the A phase we have, for ( cos 2 ç ) « 1 where S = P2(cos 0) &#x3E; is now the usual nematic order parameter. Its value is merely given by the ratio of the actual coupling constant to the coupling constant in the H phase very near the H-VI transition.
The corresponding values of S, deduced in this way from the NQR data are also shown in figure 4b . As for the VI phase which could also be described by a single parameter model, it is interesting to compare these results to those obtained by NQES [4] . In reference [4] we have presented NQES spectra of powder TBBA at 184 °C in the SmA phase, which were analysed in terms of the EISF. At that time we did not know how to take into account the translational motions at high Q so that two extreme values for S were given. We know now that largest value, namely S = 0.70 is the correct one. The reason is that, in a SmA phase, since the potential V which maintains the molecules in the planes is rather weak (V ~ k, T), the broadening of the translational component of the spectra varies like Q 2 up to large Q values [18] and thus the analysis which has used this result is correct. This value of S is also indicated in figure 4b. It is seen that, as for the VI phase, the agreement between NQR and NQES is very good. Again, this strongly supports the validity of the model, but also the approach chosen to analyse the NQES data.
In conclusion, in the smectic A phase of TBBA, the molecules are on the average normal to the planes and rotate probably uniformly around their long axes, although some (very weak) bipolar orientational order around this axis cannot be excluded. In addition, the long axes fluctuate about their equilibrium positions, with a uniaxial symmetry, the corresponding nematic order parameter S being ~ 0.70 at 184°C.
It should be also mentioned that the NQR data exclude the cone model [4] for TBBA since Om is always found to be smaller than (Jo in the C phase. This shows that the NQR method may be useful to test this model in other smectic A phases [19] . 6 . Check of the analysis in the H, C and A phases from DMR results. -6. 1 GENERAL. - The models for the VI and A phases seem to be well established since they can explain qualitatively and quantitatively both the 14N NQR and the NQES data. For the C and H phases, the available NQES data are not sufficient for a quantitative check of the models deduced from NQR. Therefore, we have used the DMR data of reference [9] [9] concerning the N = C-D group (higher curve) and the central (and external [22] figure 1 . The angle e between the axis passing through the centres of the three phenyl rings and the para axis of these rings is 10.20 as calculated using standard bond lengths and angles. On the other hand, the angle between the C-D bond and the para axis lies between 59 and 640 as deduced from the structure of the TBBA molecule in the solid phase [21] . Conse 6. 3 THE C AND A PHASES. -Here, the first point to be noticed is that the experimental DMR splitting suffers a definite discontinuity at the H-C transition. However, such a discontinuity is observed neither in the 14N NQR data [7, 8] , nor in the NQES data [3] . Moreover figure 4b) ; -: from NMR data conceming the deuterium of the N = C-D group; ~ from NQES. 6. 5 ORDERING AT THE PHENYL RING SITES. -So far we have discussed the ordering at the place of the N = C-D group. However, DMR data concerning deuterium nuclei on the central [9] and the extemal [10] phenyl rings are available. The corresponding splittings on these rings are the same within experimental uncertainties [23] , but it is observed that (i) Av (phenyls) is significantly smaller than Av (N = C-D) and (ii) the ratio of these two splittings varies (smoothly) with temperature.
This can be explained by the fact that, in addition to the overall motions described above, (i) the phenyl rings reorient rapidly (» 10+6 s-1) around their para axis [9] and (ii) this extra-rotation occurs in a two fold periodic potential and is characterized by the internal order parameter ( cos 2 cp'). These points will be detailed in a further paper together with an attempt to describe the chain ordering. [3] [4] [5] . These motions correspond to rotation around the long axis plus fluctuations of this axis. In the VI phase, the molecules rotate around their long axes in a two fold periodic potential, the corresponding bipolar order parameter cos 2 qJ ) varying from -1 to ~ 0.8 near the VI-H transition. In the H phase the rotation is almost uniform, but a small bipolar ordering still exists, which varies from -0.15 to ~ 0.06 near the C transition. In addition, the long axes fluctuate about their equilibrium positions. These fluctuations are probably nearly uniaxial and their average amplitude varies from -00 to N 220 near the H-C transition.
In the C phase, the bipolar ordering around the long axis is now very weak ( 0.005). As the temperature increases, the long axis tends to be perpendicular to the smectic planes. The polar fluctuations (inside and outside the planes) remain practically constant 220 (corresponding to an order parameter S ~ 0.84), but the azimuthal fluctuations increase rapidly and become uniform (uniaxial symmetry) at the C-A transition. The corresponding order parameter cos 0 &#x3E; varies from 0.85 to 0. In the SmA and nematic phases, the polar fluctuations increase continuously with the exception of a weak discontinuity at the SmA-nematic transition, and are as large as -420 (corresponding to S N 0.32) at the nematic-isotropic transition. In addition (i) in the SmH, C, A and nematic phases, the three phenyl rings reorient around their para axis, and (ii) in the C, A and nematic phases, the whole molecules undergo the trans-trans isomerization on a time scale of 10-6-10-7 s.
Finally, we note that the weak bipolar orientational order which exists in the SmH and C phases only reflect the instantaneous lateral packing of the molecular (herringbone) arrangement which is found in SmVI phase [11, 12] . In our opinion, it is not this phenomenon which determines the tilted nature of these mesophases. It should also be said that the present results definitely show that the mean field theories of references [1] and [2] are not adequate to describe the tilted smectic phases of TBBA.
